INTRODUCTION
Development of an HIV-1 vaccine is the cornerstone of a comprehensive global HIV-1 preventive strategy (1) . A critical component of a successful strategy is design of immunogens to induce broadly neutralizing antibodies (bnAbs) (2, 3) . However, to date, no candidate HIV-1 vaccines have induced plasma bnAb activity (4) (5) (6) . Only rarely do HIV-1-infected individuals make high levels of bnAbs, but over 2 to 4 years of infection, 50% of infected individuals develop cross-reactive antibodies that neutralize~50% of difficult-to-neutralize (tier 2) HIV-1 isolates (7) (8) (9) (10) (11) .
Clues to the dearth of vaccine-induced bnAbs come from analysis of the physical characteristics of bnAbs (2, (12) (13) (14) . All bnAbs isolated to date have very high frequencies of somatic mutations, long third heavychain complementarity-determining regions, and/or autoreactivitytraits of B cell antigen receptors that are negatively regulated by immune tolerance mechanisms (13, (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) . One hypothesis is that some or all bnAb development may be controlled by one or more immune tolerance mechanisms (2, 12, 13, 16) .
About 50% of HIV-1-infected individuals will produce autoantibodies during untreated HIV-1 infection (27) (28) (29) (30) (31) (32) (33) . Here, we have profiled the immune perturbations associated with HIV-1 infection and bnAb induction. We studied a cohort of 239 chronically HIV-1-infected individuals for serum ability to broadly neutralize HIV-1 strains and selected 51 individuals with the highest blood bnAb activity versus 51 matched individuals with low neutralizing activity. We tested for the coincident presence of plasma autoantibodies and for peripheral blood CD4 + T cell subset frequencies in the HIV-1-infected individuals who had made bnAbs, in those who had not made bnAbs, and in HIV-1-seronegative controls (including those with and without autoantibodies). We quantified total CD4
+ T cells and assessed the circulating frequency of resting memory T follicular helper (mT fh ) cells, a population defined as the PD-1 + CXCR3
− subset of CXCR5 + CD4 + T cells (34) . We also determined the frequency of CD25 + Foxp3 + regulatory CD4 + T (T reg ) cells-a population of cells that have been shown to suppress the development of autoantibody responses [reviewed in (35) (36) (37) (38) (39) (40) (41) (42) , and measured programmed cell death-1 (PD-1) expression on both T reg and T fr cells.
RESULTS

Autoantibodies in HIV-1-infected individuals with high versus low HIV-1 neutralizing activity in plasma
Cohort A consisted of 239 HIV-1-infected individuals, of whom 214 (90%) were African (table S1). On the basis of serum neutralization data, we selected 51 individuals who had the highest level of bnAbs and matched them with 51 individuals who did not have bnAbs (Fig. 1A , figs. S1 and S2, and tables S1 to S9). Thirty-three of 51 (65%) HIV-1-infected individuals with bnAb activity had positive plasma reactivity in one or more autoantibody assays (Fig. 1C) . In contrast, only 16 of 51 (31%) in the non-bnAb HIV-1-infected control group had plasma autoantibodies (c 2 = 11.4, P = 0.0008; Fig. 1C ). Poisson regression results also showed that the bnAb individuals had a higher number of positive autoantibody tests than the non-bnAb HIV-1-infected control group (c 2 = 14.7, P = 0.0001; Fig. 1E ). Cohort A was infected primarily with clade C viruses (A.bnAb, 33 of 51, 65%; A.Control, 37 of 51, 73%; P = 0.52, Fisher's exact test; table S9), but we found that clade of infecting virus had no effect on the presence of either neutralization breadth or autoantibodies (tables S10 to S12).
To determine the effect of geographic region of HIV-1 individual origin on autoantibody frequency in bnAb individuals, we studied a second confirmatory group (cohort B; tables S13 to S16) of HIV-1-infected individuals from the United States composed of individuals who produced bnAbs and those who had lower levels of plasma neutralizing antibodies (Fig. 1B) . Confirming the data in cohort A, we found that 22 of 24 (92%) HIV-1-infected individuals in cohort B with bnAb activity had at least one positive test, whereas only 12 of 21 (57%) cohort B low-level neutralizing antibody individuals had plasma autoantibodies (c 2 = 7.2, P = 0.007; Fig. 1D ). However, because of the lower number of individuals in cohort B, Poisson regression analysis was unable to show a difference in the total number of positive autoantibody tests in cohort B bnAb individuals compared with the non-bnAb controls (c 2 = 1.8, P = 0.2; Fig. 1F ). Moreover, the cohort B HIV-1-infected non-bnAb control group was different from the non-bnAb control group of cohort A. The U.S. B.control group had a greater level of neutralizing antibodies than the primarily African A.control group [B.Control total isolate tested geometric mean titer (GMT) = 32.7; A.Control GMT = 12.2; P < 0.0001, t test; tables S4 and S14].
Because HIV-1 infection is associated with polyclonal B cell activation (43), we next asked whether overall levels of antibody production to HIV-1 and non-HIV-1 antigens were similar between the bnAb and control groups of both cohorts. Thus, we assayed for plasma antibody binding to HIV-1 Env gp120 and gp41, as well as to trivalent inactivated influenza vaccine for 2008 (TIV2008). Binding to HIV-1 Env gp120 (P < 0.0001, t test) and gp41 (P < 0.0001, t test) proteins was elevated in the cohort A bnAb group compared with the A.control group (Fig. 2, A and B, and table S17), whereas plasma antibodies to influenza were similar between the A.control group and the bnAb group (P = 0.19, t test; Fig.  2C ). In both cohort B bnAb and control groups, antibodies to gp120, gp41, and TIV2008 were not statistically different (P = 0.35, 0.46, and 0.27, respectively, t test; Fig. 2 , D to F, and table S17). Thus, the lack of increased antibodies to influenza in these cohorts suggests that the higher frequency of autoantibodies in HIV-1-infected individuals with bnAbs was not due to a general increase in antibody induction.
CD4
+ T cell subsets in the A.bnAb group versus the A.control group CD25 + Foxp3 + CD4 + T reg cells play an important role in the prevention of autoimmunity, and loss or impairment of T reg function leads to autoantibody induction (35, 44, 45) . Conversely, increased frequencies of CD4 + T follicular helper (T fh ) cells, which play a crucial role in the germinal center B cell response, are often associated with autoantibody production (46) (47) (48) . Thus, we determined the frequency of CD4 + T fh and T reg cells in the A.bnAb and A.Control groups from whom peripheral blood mononuclear cell samples were available, and matched HIV-1-seronegative controls. The A.bnAb group had a higher mean viral load than the A.Control group (table S7), although we found that the presence of autoantibodies was independent of viral load (tables S19 and S20). Total CD4 + T cells in both groups of HIV-1-infected individuals were reduced compared with HIV-1-seronegative controls, and they were significantly lower in the A.bnAb group than in the A.Control group (P = 0.0001, t test; Fig. 3A and table S18). Analysis of the circulating frequency of resting memory T follicular helper (mT fh ) CD4 + T cells, defined as the PD-1 + CXCR3 − subset of CXCR5 + CD4 + T cells (34) , revealed that mT fh cells were present at significantly higher frequencies in the A.bnAb group than in the A.Control group or HIV-1-seronegative controls (P < 0.0001 for both, t test; Fig. 3B blood (41 . Similar results were obtained regardless of the definition used, with no significant difference being observed in circulating T fr frequencies or the T fr /T fh ratio in the A.bnAb and the A.Control groups, and PD-1 on T fr being significantly higher or showing a trend toward higher expression in the A.bnAb group ( fig. S6 and table S23). When we divided the cohort A individuals into groups on the basis of generation of autoantibodies rather than bnAbs, we found that autoantibody-positive individuals exhibited similar alterations in T cell subsets, including expression of higher levels of PD-1 on CD4 + T reg and T fr populations, to those seen between the A.bnAb and A.Control groups, although this difference was less pronounced and did not reach statistical significance.
The higher levels of PD-1 expression on CD4 + T reg and T fr cells in the A.bnAb group raised the hypothesis that T reg cell populations in the A.bnAb group are more activated and may be more dysfunctional than those in the A.Control group. We thus compared the expression of HLA-DR (another marker associated with CD4 + T cell activation) and CTLA-4 and LAG-3 [both of which are markers of CD4 + T cell exhaustion (56) but are also involved in CD4 + T reg cell effector function (57, 58)] on CD4
+ T reg cells in the cohort A bnAb and non-bnAb groups and + T reg subpopulation from some donors had a highly impaired suppressive capacity (Fig. 4J) . Together, these results suggested that high PD-1 expression on T reg cells, as observed in the A.bnAb group, is indicative of activation and development of an impaired functional capacity.
The higher frequency of blood autoantibodies, higher frequency of circulating CD4
+ mT fh cells, lower frequency of CD4 + T reg cells, and higher levels of PD-1 expression on CD4 + T reg and T fr cells observed in the A.bnAb group compared with the A.Control group may have been present before HIV-1 infection and/or may have developed or been accentuated during the course of infection. The cohort A individuals had not been sampled before or during the early stages of HIV-1 infection, and we were unable to address the sequence of events preceding bnAb development during the course of infection. However, to gain insight into whether some healthy individuals have a preexisting immunological profile that could potentially predispose them to bnAb induction after HIV acquisition, we analyzed CD4 + T cell subsets in healthy HIV-1-seronegative individuals with and without plasma autoantibodies. None of the 48 HIV-1-seronegative control individuals studied in parallel to the HIV-1-infected groups had plasma autoantibodies. However, when we screened for the presence of autoantibodies in 118 predominantly African HIV-1-seronegative individuals, we identified 12 individuals who had plasma autoantibodies. Analysis of total and regulatory CD4 + T cell populations in these individuals and a control group of 23 age-, sex-, and location-matched HIV-1-seronegative individuals without plasma autoantibodies revealed that there was no difference between groups in the frequency of total CD4 + T cells within lymphocytes or circulating frequency of mT fh cells (Fig. 5, A and B, and table S28), but that the frequency of CD25 + Foxp3 + CD4 + T reg cells in the HIV-1-uninfected individuals with autoantibodies was lower than that in those without autoantibodies, although the difference was not statistically significant (P = 0.06, t test; Fig. 5C and table S28 ). The level of PD-1 expression on CD4 + T reg cells in some of the HIV-1-uninfected individuals with autoantibodies was also higher than that in those without autoantibodies, although there was no significant difference between groups in PD-1 expression on CD4 + T reg cells overall (P = 0.63, t test; Fig. 5D and table S28).
Because HLA allotypes have been associated with the development of autoimmune disease (59), we performed HLA typing on all individuals in cohort A and found no significant differences in distribution between bnAb versus control groups for HLA class I (tables S29 and S30) or class II allotypes (Cochran-Mantel-Haenszel tests) (tables S31 and S32).
Last, to look for evidence of genes that predisposed HIV-1-infected individuals to make bnAbs, we performed full exome sequencing on the 51 bnAb individuals and on the 51 control HIV-1-infected individuals without bnAbs. We found no statistically significant genome-wide mutations in either group, although we did identify 20 single-nucleotide variants or small indels in the association study of HIV-1 broad neutralization before genome-wide statistical correction (table S33) . To focus the analysis, we compared only those bnAb individuals who also expressed plasma autoantibody reactivity with individuals in the non-bnAb group who showed no autoantibody activity. Again, no statistically significant genome-wide associations were found; however, a number of candidate genes that are known to be relevant to controlling the immune system were identified (table S34) .
DISCUSSION
A major conundrum in the HIV-1 vaccine development field is why 50% of HIV-1-infected individuals make bnAbs after years of infection, but vaccination of uninfected individuals with antigenic HIV-1 envelopes has, as yet, not induced bnAbs. Although structural integrity of the native envelope immunogen is a critical component for induction of bnAbs (3), multiple envelope trimer immunization studies have yet to induce bnAbs (60) (61) (62) (63) (64) (65) (66) . Here, we have defined the profile of immune perturbations found in those HIV-1-infected individuals with plasma bnAbs. 
in the A.bnAb group did not differ significantly from that in the A.Control or seronegative groups (F). The MFI of PD-1 staining on CD4 + T fr cells was highest in the A.bnAb group (G). Each symbol represents data from an individual; group medians, range, and quartiles are shown.
HIV-1-infected individuals who make cross-reactive neutralizing antibodies have a higher viral load, lower total CD4
+ T cells, a higher frequency of blood autoantibodies, higher levels of circulating mT fh cells, a lower frequency of T reg cells, and higher levels of PD-1 on T reg and T fr cells compared with a group of HIV-1-infected individuals with no or low bnAb levels. Early in the AIDS epidemic before antiretroviral treatment, it was noted that HIV-1 infection induced host immunoregulatory abnormalities leading to plasma autoantibody production (27, 29, 31, 43 ) and a high incidence of autoantibody seropositivity (27-30, 32, 33) . In an earlier pilot study of 16 HIV-1-infected individuals, we found that anti-cardiolipin antibodies were frequently present in those with plasma neutralization breadth but no observed elevation of other autoantibodies (67) . The findings in our current study provide evidence for the hypothesis that one reason that bnAbs are induced in some HIV-1-infected individuals is that HIV-1 infection perturbs their immune system by loss, activation, and/or exhaustion of CD25 +
Foxp3
+ T reg cell populations in the setting of elevated CD4 + T fh cells, thus facilitating the production of bnAbs. It would be of interest to prospectively recruit a new group of acutely HIV-1-infected individuals to determine the mechanism and timing of these events rather than use retrospective samples. However, with evidence supporting the early initiation of antiretroviral therapy at the time of diagnosis (68), it is no longer ethical to perform natural history studies of HIV-1 infection without offering antiretroviral therapy.
In apoptosis (69, 70) . The cohort A HIV-1-infected individuals producing bnAbs had higher viral loads than those not producing bnAbs, and higher viral loads have also been associated with bnAb production in other HIV-1-infected cohorts [reviewed in (71) ]. However, although the high viral loads in bnAb individuals may have been among the factors contributing to the greater depletion of both total CD4 + T cells and CD4 + T reg cells in the individuals producing bnAbs in our study, all the differences observed in CD4 + T cell subsets between the groups of individuals producing or not producing bnAbs were independent of viral load, indicating that they were primarily driven by other factors.
T fh cell differentiation is a multistep process regulated by numerous signals; however, cytokines play an important role in regulation of early T fh differentiation, with signaling via interleukin-6 (IL-6) promoting T fh differentiation and signaling via IL-2 inhibiting T fh differentiation (72) . T fh cells are thus expanded in a number of chronic viral infections, including HIV-1, where IL-6 is induced and IL-2 is limited (34, (73) (74) (75) (76) (77) . In a previous study of a HIV-1-infected cohort, chronically infected individuals generating bnAbs were found to have higher circulating frequencies of mT fh than matched individuals not generating bnAbs (34 (78) . A recent study proposed that the expansion of germinal center T fh cells during simian immunodeficiency virus (SIV) infection may be facilitated by a decline in the T fr /T fh ratio (79) . However, others have reported an increase in the frequency of T fr in lymph nodes and spleen during SIV and HIV infection, which suggests that the lymph node T fr / T fh ratio may not be perturbed (80, 81) . Here, we studied circulating CD4 + T reg and T fr cell subsets. We found that compared with individuals without bnAbs, individuals with bnAbs had a lower frequency of CD4 + T reg cells within lymphocytes, but although CD4 + T fr cells largely differentiate from T reg cells (37) (38) (39) 82) , the circulating frequency of T fr cells did not differ significantly between groups. Notably, PD-1 was expressed at significantly higher levels on both CD4 + T reg and CD4 + T fr cells in individuals with bnAbs. Elevated PD-1 expression in the bnAb group likely reflects higher levels of immune activation in these individuals, consistent with which CD4 + T reg cells also expressed higher levels of the activation marker HLA-DR. PD-1 is an inhibitory receptor, the ligation of which has been shown to inhibit T fr function in mice (41) . PD-L1 expression on lymph node B cells is increased during HIV-1 infection (77); hence, the function of T fr in individuals producing bnAbs may be inhibited as a consequence of their elevated expression of PD-1. PD-1 expression can also reflect T cell exhaustion as a consequence of sustained activation, and CD4 + T reg cells from individuals producing bnAbs expressed elevated levels of CTLA-4 and LAG-3, markers indicative of CD4 + T cell exhaustion (56). Although CTLA-4 and LAG-3 are also involved in T reg and T fr function (40, 57, 58), we found that PD-1 high CD4 + T reg cells exhibited an impaired ability to suppress the proliferation of T conv cells in vitro, supporting the hypothesis that elevated PD-1 expression on T reg cell subsets may reflect cellular exhaustion and an impaired suppressive capacity.
Our data suggest that, by the time of chronic HIV-1 infection, most viremic individuals develop alterations in the CD4 + T cell subsets that mediate control of germinal center B cell responses. High viral loads, immune activation, dysregulation of cytokine production, and alterations in lymphoid tissue microenvironments may drive the development of particularly profound abnormalities in T reg cell subsets in some individuals, creating an environment permissive to generation of both autoantibodies and bnAbs that then emerge in a subset of these individuals. However, because some HIV-1-infected individuals with bnAbs did not have autoantibodies, the propensity to make autoantibodies may be a surrogate marker for an as-yet undiscovered perturbation induced by HIV-1 that leads to bnAb induction. Moreover, we cannot rule out that those HIV-1-infected individuals without plasma bnAbs but with autoantibodies may eventually go on to develop bnAbs, but had not done so at the time of study.
Some individuals may also be predisposed to generate bnAbs after infection with HIV-1 because of preexisting abnormalities in host tolerance controls. Increased T fh frequencies and loss or functional impairment of T reg cell subsets have been associated with autoantibody production in individuals with autoimmune disease (35, (44) (45) (46) (47) (48) . There may be a spectrum of tolerance controls in healthy individuals, with individuals at the lower end being more likely to develop autoantibodies and potentially also to produce bnAbs in the context of HIV-1 infection.
We previously demonstrated that two bnAbs (2F5 and 4E10) directed at the HIV-1 Env gp41 neutralizing site near the viral membrane are autoreactive (13, 83) , and in bnAb antibody heavy-and light-chain knock-in mice, both bnAbs were shown to be controlled by multiple immune tolerance mechanisms ( 21, 22, 24, 84, 85 ). The observations of bnAb autoreactivity prompted the hypothesis that patients with systemic lupus erythematosus (SLE) will be able to make bnAbs more readily than others during chronic HIV-1 infection (15). We recently described an individual with both HIV-1 infection and SLE who had serum antidouble-stranded DNA (dsDNA) and bnAb activity (86) , and an isolated CD4 binding site bnAb (CH98) from this individual cross-reacted with dsDNA, thus providing direct evidence that bnAbs and SLE autoantibodies can be derived from similar autoreactive pools of B cells and may be similarly regulated (86) . Regardless of the mechanisms involved, the presence of autoantibodies in plasma is an indication of HIV-1-associated breaks in immune tolerance, and our finding of decreased frequency of CD25 + Foxp3 + T reg cell subsets in HIV-1-infected individuals who make bnAbs, together with increased expression of PD-1 on regulatory T cell populations, suggests a mechanism of release of peripheral immune tolerance controls (35) .
The studies presented here raise several hypotheses. First, our data suggest that immunization of animals and humans with HIV-1 envelopes in the absence of replication of HIV-1-induced immune perturbations will be unlikely to induce mature bnAbs. New vaccination strategies for amplifying antibody responses by transiently limiting immune tolerance controls of antibody responses to bnAb Env epitopes may be needed. Such vaccination strategies are already being tested in the setting of cancer vaccines to augment host anticancer T cell responses (87) . Temporary breaks in peripheral tolerance may be mediated by strong adjuvants, because we have shown that anergy of bnAb-producing B cells can be broken in bnAb V H DJ H /V L J L knock-in mice by immunization with an Env subunit with a Toll-like receptor 4 (TLR4) agonist (23) . Furthermore, TLR9 agonists can boost T fh differentiation while blocking T fr , thereby skewing the T fr /T fh ratio in favor of T fh (88, 89) .
Second, on the basis of the continuum of bnAb responses made after HIV-1 infection [(7) and the present study], it is possible that a strategy that succeeds in transiently breaking immune tolerance in the setting of HIV-1 Env immunization may only induce bnAbs in some individuals. Some bnAbs are restricted during early B cell development at the first tolerance checkpoint in bone marrow because of germline B cell receptor (BCR) autoreactivity, resulting in fewer bnAb precursors before vaccination (21, 22, 24, 84, 85) , whereas other bnAb germline BCRs are not autoreactive, and autoreactivity is only acquired in the periphery during affinity maturation (90) . bnAbs with long third heavy-chain complementaritydetermining regions that do emerge in HIV-1 infection appear to be rare by virtue of tolerance mechanisms that reduce their precursor frequency (12, 26, 91) . Recent data have demonstrated that one form of immune tolerance is continued accumulation of somatic mutations in autoantibody (92) and bnAb B cell lineages (23) that can lead to reduction in BCR antibody autoreactivity and, in the case of bnAb development, can reduce bnAb activity (93) . It is important to note that not all bnAbs that eventually are made in HIV-1-infected individuals are autoreactive (94, 95) , and immunization strategies are being developed to select and drive such subdominant B cell lineages (12, 16, 96) .
Last, low-affinity BCR autoreactivity can be a normal component of the human B cell response (97, 98) . Thus, transient manipulation of the germinal center response to augment persistent responses of normal autoreactive pools of B cells without permanently breaking systemic immune tolerance to induce desired bnAb B cell clonal lineages is plausible.
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